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METEOROID DAMAGE TO FILAMENTARY STRUCTURES 
By Richard H. M a c N e a l  
As t ro  Research Corpora t ion  
SUMMARY 
F r a c t u r e  ra tes  due t o  micrometeoroid impact are computed 
fo r  s o l i d  round w i r e s ,  f l a t  t a p e s  and thin-wal led hollow tubes .  
The c a l c u l a t i o n s  are based on an ex tens ion  o f  tes t  d a t a  f o r  t h e  
p e n e t r a t i o n  of f l a t  p l a t e s  and on r e c e n t  (1965) estimates of 
meteoroid f l u x .  The r e s u l t s  show t h a t  s o l i d  w i r e s  a r e  much more 
vu lne rab le  t o  meteoroid damage than  e i t h e r  f l a t  t a p e s  o r  hollow 
tubes .  
INTRODUCTION 
A promising a r e a  of p r e s e n t  r e s e a r c h  and f u t u r e  a p p l i c a t i o n  
i s  t h e  use  o f  s l e n d e r  f i l amen ta ry  s t r u c t u r e s  i n  space  miss ions .  
Such s t r u c t u r e s  are e s p e c i a l l y  advantageous when it i s  requ i r ed  
t o  span a l a r g e  d i s t a n c e  o r  t o  cover  a l a r g e  a r e a  as, f o r  i n -  
s t a n c e ,  i n  t h e  c a s e  o f  an o r b i t i n g  r a d i o  t e l e scope .  
The t e n s i o n  m e m b e r s  i n  large s t r u c t u r e s  used i n  s p a c e  w i l l  
tend t o  be extremely f i n e  (of t h e  o r d e r  of a f e w  m i l s  i n  diame- 
t e r )  because t h e  mechanical l oads  i n  a space  environment a r e  
extremely smal l .  The combination of smal l  l oads ,  long l e n g t h s ,  
and sma l l  c r o s s  s e c t i o n s  i n c r e a s e s  t h e  p r o b a b i l i t y  t h a t  f r a c t u r e  
due t o  meteoroids  w i l l  be t h e  c r i t i c a l  des ign  c o n s i d e r a t i o n  f o r  
t e n s i o n  m e m b e r s .  Compression m e m b e r s ,  on t h e  o t h e r  hand, w i l l  
.in m o s t  i n s t a n c e s  be designed by e l a s t i c  s t a b i l i t y .  
S t r u c t u r a l  des igns  employing f i l amen ta ry  s t r u c t u r e s  i n  
space c l e a r l y  r e q u i r e  a means f o r  e s t i m a t i n g  f r a c t u r e  ra tes  due 
t o  micrometeoroids.  The t e c h n i c a l  l i t e r a t u r e  i s  a t  p r e s e n t  
(1966) devoid o f  r e fe rence  t o  experimental  o r  t h e o r e t i c a l  s t u d i e s  
s p e c i f i c a l l y  d i r e c t e d  t o  t h e  t o p i c .  The s tudy  r epor t ed  h e r e  i s  
an a t t empt  t o  f i l l  t h e  p r e s e n t  need by means of  a p l a u s i b l e  ex- 
t e n s i o n  of  publ i shed  work o n - r e l a t e d  s u b j e c t s  such a s  t h e  c r a t e r -  
i n g  of s e m i - i n f i n i t e  s o l i d s  and t h e  p e n e t r a t i o n  of p l a t e s  by 
high velocity impacts. No new experimental results or mathemat- 
ical theories of fracture are presented. 
The cross-sectional shape of a filament has an important 
effect on the selection of the approach used in estimating its 
fracture rate. The report is, accordingly, organized into sepa- 
rate sections on solid wires, flat tapes and hollow tubes. The 
results indicate, incidentally, large differences in the vulner- 
abilities of these three shapes. 
It has been necessary to make several arbitrary or merely 
plausible assumptions in the analysis, particularly in regard to 
numerical values of empirical coefficients. It is believed, 
however, that the uncertainties introduced thereby into the 
results are less than the uncertainties due to the present in- 
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crater depth 
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ultimate strength of target material 
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p r o b a b i l i t y  t h a t  a s i n g l e  element of a m e m b e r  w i th  
redundant  e lements  has  f a i l e d  
p r o b a b i l i t y  t h a t  a s i n g l e  m e m b e r  has  f a i l e d  
t i m e  
p l a t e  t h i ckness  
th i ckness  of f l a t  t a p e  
w a l l  t h i ckness  f o r  hollow tube 
empi r i ca l  v e l o c i t y  parameter  (6 .5  km/sec) 
p a r t i c l e  v e l o c i t y  
width of f l a t  t a p e  
p ropor t ion  of  f a i l e d  m e m b e r s  
angle  of p a r t i c l e  incidence,  measured from normal t o  
s u r f  ace 
inc idence  angle  above which minimum p a r t i c l e  s i z e  
r equ i r ed  t o  produce f r a c t u r e  i s  assumed t o  remain 
c o n s t a n t  
p a r t i c l e  d e n s i t y  
THE MICROMETEOROID ENVIRONMENT I N  NEAR-EARTH ORBIT 
Cumulative micrometeoroid f l u x  i s  def ined  a s  t h e  number of 
p a r t i c l e s  g r e a t e r  than a c e r t a i n  s i z e  pas s ing  through a u n i t  su r -  
f a c e  a r e a  from a l l  d i r e c t i o n s  i n  a u n i t  t i m e .  
cumulat ive f l u x  on p a r t i c l e  s i z e  is usua l ly  expressed i n  t h e  form 
The dependence of 
o r  
-b 
N = 1 O a - m  
P P 
logloNp = a - belog m 
lo  P 
3 
The u n i t  o f  mass most commonly used i s  t h e  gram and t h e  u n i t  of 
N most commonly used i s  pa r t i c l e s /me te r2 / sec .  Es t imates  from 
s e v e r a l  sou rces  of micrometeoroid f l u x  i n  Ear th  o r b i t  are p l o t -  
t e d  i n  F igu re  1. 
The curve  l a b e l e d  "Gen. Motors 1965" i s  t h e  mean o f  
" o p t i m i s t i c "  and " p e s s i m i s t i c "  e s t i m a t e s  publ ished i n  Reference 5, 
which a r e ,  r e s p e c t i v e l y ,  one o r d e r  of  magnitude lower and h igher .  
Recent experimental  r e s u l t s  involv ing  p e n e t r a t i o n  of  p a n e l s  from 
Explorers  XVI, XXIII, Pegasus, and Mariner I V  confirm t h e  accura- 
cy of  t h e  General Motors e s t i m a t e  which s h a l l  be used i n  t h e  
p r e s e n t  s tudy .  The mathematical  d e s c r i p t i o n  of  t h e  curve  i s  
pa r t i c l e s /me te r "  /sec 10- l~  N = -  
m 
P P 
where m i s  i n  grams. 
P 
The curve  l a b e l e d  "NASA Houston 1965" i s  i n  r e a l i t y  a s l i g h t  
mod i f i ca t ion  of t h e  Whipple 1963 curve  and t h e r e f o r e  does n o t  
ref lect  t h e  m o s t  r e c e n t  r e s u l t s  from s p a c e c r a f t  experiments.  It  
i s  probably unduly p e s s i m i s t i c .  
The g e o c e n t r i c  v e l o c i t y  of  primary p a r t i c l e  f l u x  can vary 
between 11 km/sec and 7 2  km/sec. The average v e l o c i t y  i s  fre- 
quen t ly  assumed t o  be 30 km/sec. The v e l o c i t y  o f  t h e  s p a c e c r a f t  
(7  km/sec) should be added v e c t o r i a l l y  t o  t h i s  va lue ,  b u t  it 
produces l i t t l e  change i n  t h e  r e s u l t .  30 km/sec s h a l l  be adopted 
i n  t h e  p r e s e n t  s tudy  a s  t h e  average v e l o c i t y  o f  p a r t i c l e s  re la-  
t i v e  t o  t h e  s p a c e c r a f t .  
Es t imates  o f  average micrometeoroid d e n s i t y  range from 
.05 t o  about  8.0 grams/cm3. The average d e n s i t y  w i l l ,  fo r  t h e  
p r e s e n t  s tudy ,  be taken  a s  0.5 grams/cm3. T h i s  i s  t h e  va lue  
recommended i n  Reference 3 .  
FRACTURE OF ROUND WIRES BY MICROMETEOROIDS 
N o  d i r e c t  exper imenta l  d a t a  i s  available from which t h e  
momentum ( o r  k i n e t i c  energy)  of a hype rve loc i ty  p a r t i c l e  r equ i r ed  
4 
t o  f r a c t u r e  a w i r e  can be c a l c u l a t e d ,  An  estimate w i l l  be made 
t h a t  i s  based on e x t r a p o l a t i o n  of puncture  d a t a  f o r  f l a t  p l a t e s .  
It  has  been r epor t ed  by many i n v e s t i g a t o r s  (Refs. 5 and 7 )  
t h a t  p e n e t r a t i o n  of f l a t  p l a t e s  due t o  t h e  normal impact of hyper- 
v e l o c i t y  p a r t i c l e s  r e s u l t s  i f  t h e  c r a t e r  depth computed f o r  a 
s e m i - i n f i n i t e  t a r g e t  exceeds approximately two-thirds  of t h e  
p l a t e  th ickness .  W e  a r e ,  t h e r e f o r e ,  l e d  t o  a cons ide ra t ion  of 
impacts on s e m i - i n f i n i t e  s o l i d s .  
Experimental  r e s u l t s  f o r  t h e  depth of  c r a t e r s  i n  s e m i -  
i n f i n i t e  s o l i d s  due t o  impact by hype rve loc i ty  p a r t i c l e s  are 
surveyed i n  Reference  6, where it i s  proposed t h a t  the c r a t e r  
depth be computed by t h e  semi-empir ical  formula 
where 
m = m a s s  of p a r t i c l e  
V = p a r t i c l e  v e l o c i t y  
S = c h a r a c t e r i s t i c  m a t e r i a l  stress of  t a r g e t ,  
e i t h e r  u l t i m a t e  t e n s i l e  s t r e n g t h  o r  
t r u e  t e n s i l e  stress t o  f r a c t u r e  
P 
P 
I f  Equat ion (4)  i s  amended t o  read 
Y3 
C ( 5 )  
where V = 6.5 km/sec and Ftu i s  t h e  u l t i m a t e  t e n s i l e  stress, 
a better f i t  is  obta ined  t o  t h e  d a t a  r epor t ed  i n  Reference 6. A 
comparison between measured and c a l c u l a t e d  crater depths  is  
p l o t t e d  i n  F igu re  2 ,  I t  w i l l  be noted t h a t  t h e  c r a t e r  depth i s  
p r o p o r t i o n a l  t o  t h e  cube r o o t  of p a r t i c l e  k i n e t i c  energy i n  
Equat ion (4 ) ,  and t o  t h e  cube r o o t  of p a r t i c l e  momentum i n  
Equat ion ( 5 ) .  Most mathematical  models of  c r a t e r i n g  l e a d  t o  one 
o r  t h e  o t h e r  formulat ion.  See Reference 5 f o r  d i scuss ion .  
0 
There i s  danger i n  t h e  use of any c u r r e n t l y  a v a i l a b l e  
5 
formula f o r  meteoroid p e n e t r a t i o n  due t o  t h e  r a t h e r  l a r g e  ex t rap-  
o l a t i o n  r equ i r ed  wi th  r e s p e c t  t o  v e l o c i t y  
30 km/sec) .  Although t h e  agreement between Equation (5)  and 
experiment is good, p e n e t r a t i o n  depth w i l l  be assumed t o  depend 
on t h e  square-root  of  v e l o c i t y ,  i n  deference t o  t h e  2/3 power 
law p r e f e r r e d  by most t h e o r e t i c i a n s .  The fol lowing formula is ,  
t h e r e f o r e ,  used i n  t h e  p r e s e n t  r e p o r t  
( 9  km/sec 
~ v * v *  * 
d = (  p p  O )  
4rrFtu C 
where V = 6.5 km/sec, A phys i ca l  b a s i s  f o r  Vo is  provided 
by not ing that it i s  approximately equal t o  t h e  v e l o c i t y  of sound for 
common metals. 
0 
C r a t e r  depth may be r e l a t e d  t o  p a r t i c l e  s i z e  by assuming 
t h a t  t h e  hyperve loc i ty  p a r t i c l e s  a r e  spheres  so t h a t  
where 
= p a r t i c l e  d e n s i t y  
pP 
d = p a r t i c l e  diameter  
P 
S u b s t i t u t i n g  i n t o  Equation (5)  
As an example l e t  
= - 5  gm/cm3 ( e s t i m a t e d  mean d e n s i t y  of  meteoroids) 
pP 
vO 
v = 3.0 x l o 6  cm/sec (es t imated  mean v e l o c i t y  of meteoroids) 
P 
= -65  X l o 6  cm/sec 
= 3 x l o 9  dyne/cm” (42 500 p s i )  ( s i m i l a r  t o  Ad-6061-T6) t u  
6 
Then 
= (29.1) lb  d C 
P 
.5  x (3.0 x 10  6)3/2 X (.65 X 
d 24 x 3 x 10' 
= 3-06  
This  r e s u l t  w i l l ,  i n  c e r t a i n  c a l c u l a t i o n s ,  be taken a s  t h e  
t y p i c a l  va lue  f o r  meteoroid impact,  
The f r a c t u r e  of a round w i r e  may be r e l a t e d  t o  t h e  pene t ra -  
t i o n  of a f l a t  p l a t e  by comparing t h e  c r o s s - s e c t i o n a l  area t h a t  
i s  a v a i l a b l e  t o  c a r r y  t r a n s v e r s e  shear .  I n  t h e  case  of a f l a t  
p l a t e  (shown below) t h e  shea r  a r e a  i s  equal  t o  2 n t  *d assuming 
t h e  crater to  be a hemisphere. P C  
The shea r  r e s i s t i n g  a r e a  of a round w i r e  of diameter, d-- , i s  
W d 2  
equal  t o  2 n ( ~ )  , assuming t h e  e f f e c t i v e  s u r f a c e s  t o  be those  
normal t o  t h e  a x i s  of  t h e  w i r e .  Equating shear  a r e a s ,  t h e  wire 
d i a m e t e r  f o r  f r a c t u r e  is  
d 
W P C  
(9)  
P l a t e  t h i ckness  f o r  p e n e t r a t i o n  may be r e l a t e d  t o  c r a t e r  depth 
i n  a s e m i - i n f i n i t e  t a r g e t .  Ca re fu l  experiments,  Reference 5, 
i n d i c a t e  t h a t  p e n e t r a t i o n  depends on m a t e r i a l  p r o p e r t i e s  and 
t h a t  t h e  "equ iva len t "  c r a t e r  depth i s  between .5  and - 7  t i m e s  
t h e  p l a t e  th ickness .  For convenience,  assume t h a t  t = 1.56 d P C 
i s  t h e  p l a t e  t h i ckness  f o r  p e n e t r a t i o n .  Then t h e  w i r e  diameter 
7 
f o r  f r a c t u r e  i s  
d = 2J 1.56'*d = 2.5-d 
W C C 
so t h a t  
l 
i s  t h e  "equ iva len t "  crater  depth t h a t  w i l l  j u s t  break t h e  w i r e .  
Using Equation (6)  f o r  crater depth,  t h e  r e l a t i o n s h i p  between 
w i r e  diameter ,  material  p r o p e r t i e s ,  and p a r t i c l e  k i n e t i c s  f o r  
w i r e  f r a c t u r e  i s  I 
It  w i l l  be assumed t h a t  any p a r t i c l e  whose c e n t e r  o f  g r a v i t y  
i n t e r s e c t s  t h e  w i r e ,  even a t  a g l anc ing  angle ,  w i l l  break t h e  
, w i r e  provided t h a t  Equation ( 1 2 )  i s  s a t i s f i e d .  
W e  a r e  now i n  a p o s i t i o n  t o  estimate t h e  f r a c t u r e  ra te  of  
I round w i r e s .  The p a r t i c l e  m a s s  t h a t  w i l l  j u s t  break t h e  w i r e  is ,  
from Equation (12 )  
The number o f  f r a c t u r e s  p e r  u n i t  l e n g t h  o f  w i r e s  p e r  u n i t  
t i m e  is  r e l a t e d  t o  t h e  meteoroid f l u x  of p a r t i c l e s  w i t h  m a s s  
g r e a t e r  than  m by 
I P 
d 
f r ac tu res /me te r / sec  w l - r  - -.-. 
Nf 100 2 Np 
I where d i s  measured i n  cen t ime te r s .  W 
7T 
The f a c t o r  - is in t roduced  t o  account  fo r  t h e  f a c t  t h a t  a 2 
round w i r e  has  n/2 t i m e s  as much s u r f a c e  area as a f l a t  s t r i p  
8 
of equal dimension and is, therefore, somewhat more susceptible 
to collision with small particles. 
Using Equation ( 3 )  for particle flux 
As an example let 
V = 3.0 X 10" cm/sec (average meteroid velocity) 
P 
V = -65 X 10' cm/sec (empirical factor) 
0 
= 3 X l o 9  dyne/cm2 = 42 500 psi, (At-6061-T6) Ftu 
Then 
va2 v 
= 1400 P o = (3.0)* X (.65)* x 10l2 Ftu 3 x l o y  
and 
fractures/meter/sec 







It is perhaps more meaningful to express Nf in 
fractures/meter/year and d in mils (.OOl"). 
W 
Since 
1 year = -316 X 10' sec 
1 mil = .00254 cm 
and 
9 
- .273 X X -316 X l o 8  1 
Nf - I . 00254) 
f rac tures /meter /year  1.328 
I t  i s  e v i d e n t  t h a t  a one-mil aluminum w i r e  i s  n o t  s u i t a b l e  
f o r  long  t e r m  u s e  i n  space.  Equation (15)  is p l o t t e d  i n  F igu re  3 
f o r  va r ious  material s t r e n g t h s .  
FRACTURE OF FLAT TAPES BY MICROMETEOROIDS 
W e  have assumed t h a t  a round w i r e  w i l l  be f r a c t u r e d  by a 
p a r t i c l e  i f  t h e  crater formed by t h e  p a r t i c l e  i n  a s e m i - i n f i n i t e  
t a r g e t  has a depth  equal t o  .40 t i m e s  t h e  w i r e  diameter. Also, 
f o r  micrometeoroids impacting on 6061-T6 aluminum, t h e  p a r t i c l e  
diameter  has  been shown t o  be equal  t o  about one - th i rd  t h e  
crater  depth.  Thus, meteoroids  can be expected t o  break  round 
aluminum w i r e s  i f  t h e i r  diameter  exceeds ,133 t i m e s  t h e  w i r e  
diameter  . 
I n  t h e  c a s e  of a t h i n  f l a t  s h e e t  on t h e  o t h e r  hand, w e  ex- 
pect t h a t  a p a r t i c l e  t h a t  i s  l a r g e  compared t o  t h e  t h i c k n e s s  of 
t h e  s h e e t  w i l l  produce a h o l e  i n  t h e  s h e e t  t h a t  i s  s c a r c e l y  
l a r g e r  t h a n  t h e  d iameter  o f  t h e  p a r t i c l e .  This  e x p e c t a t i o n  has  
been confirmed by exper imenta t ion  w i t h  hype rve loc i ty  p a r t i c l e s  
(Reference 8)  where it i s  shown t h a t  t h e  fo l lowing  empi r i ca l  
formula ag rees  w e l l  w i th  experimental  r e s u l t s  
where D = diameter  of h o l e  
d = diameter  of p a r t i c l e  








For normal impact on a f l a t  s t r i p  it w i l l  be assumed t h a t  
t h e  s t r i p  w i l l  be f r a c t u r e d  by any p a r t i c l e  whose c e n t e r  o f  
g r a v i t y  i n t e r sec t s  t h e  s t r i p  provided t h a t  t h e  r e s u l t i n g  h o l e  
diameter  exceeds .75 t i m e s  t h e  width of  t h e  s t r i p .  Thus, a 
s t r i p  of  width w w i l l  be f r a c t u r e d  i f  
S 
W 43 
- d S 5-=- .75d D 
.75 [ . 4 5 v p ( q  + 3 0 -  
P P 





W The r e l a t i o n s h i p  between s / d  and t h e  th i ckness  r a t i o  o f  
P 
t h e  s t r i p ,  ts/ws , is  p l o t t e d  i n  F igure  4 f o r  an assumed 
p a r t i c l e  v e l o c i t y  equa l  t o  30 km/sec. I t  i s  seen t h a t  t h e  W s/d 
increases s lowly wi th  s t r i p  th i ckness .  It  w i l l  be assumed P 
W t h a t  s/d = 1 .5  i n  subsequent  ana lys i s .  
P 
An  i n c l i n e d  impact has  a h igher  p r o b a b i l i t y  o f  f r a c t u r e  
than  a normal impact as  i s  ev iden t  from t h e  fo l lowing  diagram. 
11 
I t  w i l l  be assumed t h a t ,  i f  t h e  c e n t e r  of t h e  p a r t i c l e  
i n t e r c e p t s  t h e  s t r i p ,  t h e  s t r i p  w i l l  be f r a c t u r e d  provided t h a t  
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For l a r g e  inc idence  ang le s  it w i l l  f u r t h e r  be r equ i r ed ,  i n  
o r d e r  f o r  f r a c t u r e  t o  occur ,  t h a t  t h e  p a r t i c l e  diameter  be l a r g e  
enough t o  produce f r a c t u r e  of  a round w i r e  of  equal  c ros s -  
s e c t i o n a l  a r ea .  Th i s  requirement  is  in t roduced  i n  o rde r  t o  
avoid t h e  mathematical  s i n g u l a r i t y  t h a t  r e s u l t s  i f  i n f i n i t e s i -  
mally s m a l l  p a r t i c l e s  can  f r a c t u r e  t apes  a t  graz ing  inc idence .  
I t  is  j u s t i f i e d  by t h e  argument t h a t  conversion o f  k i n e t i c  
I energy i n t o  h e a t  i s  a major f a c t o r  i n  t h e  f r a c t u r e  process .  
It has  been es t imated  a t  t h e  beginning of t h i s  s e c t i o n  t h a t  
a meteoroid w i l l  b reak  a round aluminum w i r e  i f  i t s  diameter  
exceeds ,133 t i m e s  t h e  w i r e  d iameter ,  i .e . ,  i f  
o r  
The r e l a t i o n s h i p  between minimum p a r t i c l e  s i z e  and inc idence  
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For e > eo , t h e  minimum p a r t i c l e  s i z e  t o  produce f r a c t u r e  
remains c o n s t a n t ,  where 
I n  o r d e r  t o  e s t i m a t e  f r a c t u r e  r a t e ,  w e  r e q u i r e  t h e  probabi l -  
i t y  d i s t r i b u t i o n  of p a r t i c l e  i n t e r c e p t i o n  vs. inc idence  angle.  
S ince  p a r t i c l e  f l u x  is homogenous wi th  r e s p e c t  t o  d i r e c t i o n ,  t h e  
r a t e  of i n t e r c e p t i o n  f o r  a given d i r e c t i o n  i s  p ropor t iona l  t o  t h e  
p r o j e c t i o n  of t h e  a r e a  of t h e  s t r i p  on t h e  p a r t i c l e  d i r e c t i o n .  
Thus t h e  r a t e  of i n t e r c e p t i o n  of  p a r t i c l e s  w i th  incidence between 
8 and 8 + A8 is 
where N i s  t h e  t o t a l  f l u x  of p a r t i c l e s  from a l l  d i r e c t i o n s .  
P 
The f r a c t u r e  r a t e  per  u n i t  l eng th ,  p e r  u n i t  t i m e ,  f o r  a 
s t r i p  of width w i s  
S 




S g r e a t e r  than  -*case . 
The p a r t i c l e  f l u x  a s  a func t ion  of p a r t i c l e  mass i s  given 
by Equat ion ( 3 ) .  Using Equat ion ( 7 )  t o  r e l a t e  p a r t i c l e  mass 
t o  p a r t i c l e  diameter  
6 - 10- l~  0'3 par t i c l e s /me te r2 / sec  
rrPPdP N l d l  P P  - 
i n  grams/cm3 . 
pP 




Substituting into Equation (21) and dividing by 100 , so 
that ws may be expressed in centimeters and Nf may be 
expressed in fractures/meter/sec, 
1 [l - sineo)] 
0 
cos3 e taneo + 
6.45 X - 
ppwzs 
Since 8 is a little less than 90° 
0 
N l  tan0 - -case 
0 
Thus the particles with incidence angles greater than 
produce one-third of the fractures, and the total fracture rate 
is 
8 0 
- 6.45 X 10-l“ [2.c2s80] 
P @  P S  
Nf - 
and, using Equation (19), 
1 
- 4.3 P d  x 1 0 - 1 5 k ) 3  fractures/meter/sec 
P S  
Nf - 
1 4  
. 
Convert ing w t o  m i l s  and t h e  t i m e  pe r iod  t o  y e a r s  
S 
- 4.3 x 10- l~  x . 3 i 6  x i o 8  
( .00254)2 
P S  
Nf - 
L e t  Pp = - 5  grams/cm3 . Then 
1 5 
f r ac tu res /me te r /yea r  
Comparing t h i s  r e s u l t  w i t h  t h a t  fo r  a round aluminum w i r e  
we  f i n d  t h a t  
L e t  t h e  c r o s s - s e c t i o n a l  area of  t h e  s t r i p  and of t h e  w i r e  
be t h e  same. Then 
= .0403(?) ’ 
For equa l  c r o s s - s e c t i o n a l  a r e a ,  it i s  seen  t h a t  t h e  f r a c t u r e  
ra te  fo r  a f l a t  s t r i p  is  much less than  t h e  f r a c t u r e  r a t e  f o r  a 
round w i r e .  Equat ion (28)  i s  p l o t t e d  i n  F igu re  5 f o r  v a r i o u s  
t h i c k n e s s  ra t ios .  Th i s  p l o t  does n o t  t a k e  i n t o  account  t h e  
15 
dependence of  h o l e  s i z e  on th i ckness  r a t i o  shown i n  F igu re  4. 








- -  - 100 t and 
s l i g h t l y  c l o s e r  t oge the r .  
FRACTURE OF HOLLOW TUBES BY MICROMETEOROIDS 
It is  e v i d e n t  from preceding a n a l y s i s  t h a t  t h e  f r a c t u r e  ra te  
of  f l a t  t a p e s  i s  inc reased  by t h e  v u l n e r a b i l i t y  t o  edgewise 
impact. T h i s  p a r t i c u l a r  v u l n e r a b i l i t y  i s  avoided i n  t h e  case of  
a thin-wal led c y l i n d e r .  F r a c t u r e  ra te  f o r  a c i r c u l a r  c y l i n d e r  
can be es t ima ted  by assuming, by analogy w i t h  t h e  f l a t  t ape ,  
t h a t  a p a r t i c l e  whose c e n t e r  i n t e r s e c t s  t h e  tube  w i l l  f r a c t u r e  
it i f  t h e  e x t e r n a l  tube  diameter i s  less than  1.5 t i m e s  t h e  
p a r t i c l e  diameter .  
The number o f  f r a c t u r e s  p e r  m e t e r  p e r  second i s  
is t h e  diameter  o f  t h e  tube  measured i n  cen t ime te r s  dt where 
and Np($*dt) i s  t h e  f l u x  of p a r t i c l e s  w i th  diameter  g r e a t e r  
than  - * d  . The f a c t o r  - i s  introduced t o  account f o r  t h e  2 Tr 3 t  2 
n 
2 f a c t  t h a t  a round w i r e  has  - t i m e s  a s  much s u r f a c e  a r e a  as a 
f l a t  s t r i p  of equal  dimension. Using Equation ( 2 2 )  f o r  p a r t i c l e  
f l u x  
- m a - .  dt 6 X 10--14(e)3 
rrpP 
N f  100 2 
f rac tures /meter / sec  - 1.01 x 1 0 - l ~  - 
P P dZt 
(33) 
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t o  m i l s  and t h e  t i m e  p e r i o d  t o  y e a r s  dt Convert ing 
1 x -  - 1 - 0 1  x 10- l~  x . 3 i 6  x i o 8  
( . 00254) Ppd: Nf - 
- 00494 f rac tures /meter /year  
PpdZt 
(34) 
Comparing t h i s  r e s u l t  w i t h  t h a t  f o r  a f l a t  s t r i p ,  w e  f i n d  t h a t  
L e t  t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  s t r i p  and o f  t h e  tube  be t h e  
same. Then 
A = w t  = ITdt-tt 
s s  
so t h a t  
and 
Assuming t h a t  t h e  w a l l  t h i c k n e s s e s  f o r  t h e  tube  and t h e  
t a p e  a r e  comparable, t h e  tube  shows a s u b s t a n t i a l  advantage on ly  
i f  t h e  a s p e c t  r a t i o  f o r  t h e  s t r i p ,  Ws/ts , is  q u i t e  l a r g e .  
Tkbe r a t i o  o f  t h e  f r a c t u r e  ra tes  fo r  a thin-wal led hollow 
tube  and a s o l i d  round aluminum = .5  g m / c m 3 ,  
pP 
w i r e  is, assuming 




L e t  t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  tube and of  s o l i d  w i r e  be t h e  
same, t hen  ~ 
so t h a t  
t Since  t / d t  << 1 t h e  f r a c t u r e  r a t e  f o r  t h e  hollow t u b e  i s  I 
~ 
much less than  t h a t  f o r  t h e  s o l i d  w i r e .  
Equation (34) i s  p l o t t e d  i n  F igu re  5 t o  provide  a comparison 
between t h e  f l a t  s t r i p  and t h e  hollow tube.  
ESTIMATION OF USEFUL STRUCTURAL LIFE 
Most network-type space s t r u c t u r e s  w i l l ,  i n  a l l  p r o b a b i l i t y ,  
c o n s i s t  o f  a l a r g e  number of  m e m b e r s  t h a t  a r e  redundant  t o  t h e  
e x t e n t  t h a t  t h e  s t r u c t u r e  con t inues  t o  f u l f i l l  a u s e f u l  purpose 
u n t i l  a s i g n i f i c a n t  p ropor t ion  of  t h e  m e m b e r s  have f a i l e d .  
E s t i m a t e s  of f r a c t u r e  rates conta ined  i n  preceding  s e c t i o n s  can 
be used t o  estimate u s e f u l  s t r u c t u r a l  l i f e  o r ,  conversely,  t o  
se lec t  a s t r u c t u r a l  des ign  t h a t  w i l l  have a s p e c i f i e d  u s e f u l  l i f e .  
L e t  q be t h e  r a t i o  o f  t h e  number of  m e m b e r s  t h a t  have 
f a i l e d  t o  t h e  t o t a l  number. I f  t h e  t o t a l  number of  m e m b e r s  i s  
l a r g e ,  q i s  very n e a r l y  equal  t o  t h e  p r o b a b i l i t y ,  P , t h a t  m 
a s i n g l e  m e m b e r  has  f a i l e d :  
rl = pm (39) 
I 18 
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I f  t h e  m e m b e r  c o n s i s t s  of a number, k , of i d e n t i c a l  
e lements  i n  p a r a l l e l ,  arranged such t h a t  t h e  p r o b a b i l i t y  of a 
p a r t i c l e  f r a c t u r i n g  more than  one element is  van i sh ing ly  s m a l l  
and such t h a t  t h e  m e m b e r  con t inues  t o  f u n c t i o n  u n t i l  a l l  e lements  
have f a i l e d ,  t hen  t h e  p r o b a b i l i t y  of f a i l u r e  of t h e  m e m b e r  i s  
P = (Pel m 
where P is t h e  p r o b a b i l i t y  of f a i l u r e  o f  an i n d i v i d u a l  element. e 
An elementary p r o b a b i l i t y  a n a l y s i s  shows t h a t  
-Nfdt 
P = 1 - e  e 
where Nf i s  t h e  f r a c t u r e  r a t e  p e r  u n i t  l e n g t h  of w i r e  
4, is t h e  l e n g t h  of w i r e  
t i s  t i m e  
Thus, combining Equat ions ( 3 9 ) ,  (40) and (41) 
Th i s  r e l a t i o n s h i p  i s  p l o t t e d  i n  F igu re  6. I t  i s  seen t h a t  
redundancy (k > 1) i n c r e a s e s  u s e f u l  l i f e  by a l a r g e  f a c t o r  on ly  
i f  t h e  a l lowab le  p r o p o r t i o n  of  f a i l e d  m e m b e r s  i s  small .  
If t h e  product  Nfdt i s  s m a l l  t hen  equa t ion  (42) may be 
approximated by 
q = N f C t  1 i k  




A s  a p r a c t i c a l  a p p l i c a t i o n  of  t h i s  formula,  suppose t h a t  
q = 0.1, k = 1, 4 = 1 meter, and t = 10 years .  Then 
= .01 f rac tures /meter /year  (45)  Nf 
is  t h e  a l lowable  f r a c t u r e  r a t e .  Th i s  f r a c t u r e  r a t e  i s  achieved 
(from Fig.  3) by an 1 1 . 5  m i l  s o l i d  aluminum w i r e ,  o r  (from 
Fig.  5)  by a f l a t  s t r i p  3.7 m i l s  wide and -37 m i l  t h i c k .  
CONCLUSIONS AND RECOMMENDATIONS 
Q u a n t i t a t i v e  conclus ions  from t h e  p r e s e n t  s tudy  must be 
s t a t e d  w i t h  r e s e r v a t i o n  due t o  t h e  u n c e r t a i n t i e s  introduced by 
assumptions and by t h e  incomplete knowledge of  t h e  meteoroid 
environment, There appears ,  however, t o  be l i t t l e  doubt con- 
ce rn ing  t h e  r e l a t i v e  v u l n e r a b i l i t y  of  s o l i d  round w i r e s ,  f l a t  
t a p e s  and hollow tubes .  The c a l c u l a t i o n s  show, f o r  example, t h a t  
i f  a f r a c t u r e  ra te  equal  to  f rac tures /meter /year  i s  accept- 
a b l e ,  t h e  minimum requ i r ed  dimensions f o r  t h e  t h r e e  types  of  f i l a -  
ments are approximately a s  fol lows:  
s o l i d  round w i r e s  35 m i l  d iameter  
f l a t  t a p e s  20 m i l  w i d t h  
th in-wal led  hollow tube  3.2 m i l  d iameter  
I t  may be concluded t h a t  s o l i d  w i r e s  w i l l  n o t  be compe t i t i ve  
w i t h  t h e  o t h e r  shapes f o r  a p p l i c a t i o n s  r e q u i r i n g  f i l a m e n t s  w i t h  
I smal l  c r o s s - s e c t i o n a l  a r e a s .  
Experimental  s t u d i e s  on t h e  f r a c t u r e  of  f i l a m e n t s  by hyper- 
v e l o c i t y  p a r t i c l e s  are r equ i r ed  i n  o r d e r  to  improve t h e  r e l i a b i l -  
i t y  of  e s t ima ted  f r a c t u r e  r a t e s .  The need f o r  such s t u d i e s  w i l l  
i n c r e a s e  as t h e  e r r o r s  due t o  u n c e r t a i n  knowledge of  t h e  meteor- 
o i d  environment a r e  diminished,  and a s  i n t e r e s t  i n  t h e  u s e  o f  
f i l amen ta ry  s t r u c t u r e s  f o r  space a p p l i c a t i o n s  grows. 
Experiments w i t h  hype rve loc i ty  p a r t i c l e  a c c e l e r a t o r s ,  and 
r ecove rab le  o r b i t a l  experiments a r e  both  recommended. The 
experiments  w i t h  p a r t i c l e  a c c e l e r a t o r s  w i l l  e s t a b l i s h  t h e  rela- 
t i o n s h i p  between p a r t i c l e  s i z e  and w i r e  d iameter  f o r  t h e  f r a c t u r e  
20 
of s o l i d  w i r e s ,  and w i l l  i l l u m i n a t e  t h e  impor tan t  ques t ion  o f  t h e  
v u l n e r a b i l i t y  of f l a t  t a p e s  t o  g raz ing  impact. The r ecove rab le  
o r b i t a l  experiments  w i l l  answer q u e s t i o n s  r ega rd ing  t h e  i n f l u -  
ences  o f  p a r t i c l e  d e n s i t y  and v e l o c i t y ,  and w i l l  p rovide  proof 
tes ts  i n  the a c t u a l  meteoroid environment. 
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Figure 1. Estimates of Cumulative Micrometeoroid Flux 
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Figure 3. Estimated Fracture Rates For Round Wires 
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Fractures/meter/year p = 0.5 gram/cm3 
w = strip width 
ts = strip thickness 
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Figure 5. Fracture Rate For Flat Strips and Hollow Tubes 
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